Introduction
Fibre−optic sensors (also called optical fibre sensors) are fibre−based devices for sensing some quantity, typically temperature, vibrations, pressure, or concentration of chem− ical species. Compared with other types of sensors, fibre optic sensors exhibits a number of advantages: low loss, high band−width, immunity to electromagnetic interference, small size, light weight, safely, relatively low cost, low maintenance, sensing in high−voltage environment, wide range of operating temperature, etc [1] [2] [3] . A.D. Kersey [4] , B. Lee [5] and A.D. Kersey [6] have reviewed these sensors. M.H. Chiu et al. [7] have studied D−type fibre biosensor based on surface plasmon resonance technology and hetero− dyne interferometry. M. H. Fernandez−Valdivielso et al. [8] have provided a general formulation for thermochronic− −effect−based temperature optical fibre sensor for underwa− ter applications. R.C. Jorgenson [9] has studied a surface plasmon resonance side active retro−reflecting sensor. M. Iga et al. [10] have investigated hetero−core structured fibre optic surface plasmon resonance sensor with silver film. D.F. Santos et al. [11] have performed numerical investiga− tion of a refractive index SPR D−type optical fibre sensor using COMSOL Multiphysics. B.D. Gupta and A.K. Shar− ma [12] have made a theoretical analysis on Sensitivity evaluation of a multi−layered structure plasmon resonance− −based fibre optic sensor. W.B. Lin et al. [13] have investi− gated the effect of polarization of the incident light−mode− lling and analysis of a SPR multimode optical fibre sensor.
In this study, we consider a D−type optical fibre sensor embedded in an external medium. A p−polarized plane wave is obliquely incident on it at one end. This wave experiences several internal reflections and transmits to the other end. Maxwell's equations are used to determine the electric and magnetic fields in each region. Then , Snell's law is applied and boundary conditions are imposed at each interface to obtain Fresnel reflection coefficients. The reflected power and sensitivity of the sensor are formulated in terms of these coefficients. The behaviour of the mentioned power and sensitivity against the incidence angle, the wavelength, the metal layer thickness, refractive index of the external me− dium are computed and presented in numerical results with the effect of the metal kind. The analysis corresponding to these computations is in agreement with the experimental results [14] .
Theory
We consider the D−shape fibre−optic sensor shown in Fig.1 [15] [16] [17] . Regions 1, 2, 3, 4 in the figure are core, cladding, metal layer and external medium respectively. Each re− gion has the refractive index n l and the relative permittivity e l (l = 1, 2, 3, 4). The letters L, d c , and d m stand for the length of the sensor, the distance between the core and the metal (the residual cladding) and the thickness of the metal respectively. A p−polarized plane wave incident on the plane y = 0 at some angle q relative to the normal to the core−cladding boundary. This wave experiences several internal reflections and transmits from the sensor.
The magnetic field in each region is [18, 19] 
To find the corresponding electric field r 
Where A l and B l are the amplitude of forward and back− ward traveling waves (l = 1, 2, 3, 4), k n c l l = w is the wave vector inside the material, w is the angular frequency and c is the speed of light in vacuum.
Matching the boundary conditions for r H and r E fields at each layer interface, that is at
= and so on. This yields six equations with six unknown parameters [18, 20, 21] A B A B 
where
sin .
Fresnel coefficients (interface reflection coefficient r) for parallel polarized light is given by Ref. 22
where i, j correspond to any two adjacent media. The reflection coefficient ¢ r of the structure (multilay− ered) is given by Ref. 
The reflected power (reflectance) ¢ R for a single reflec− tion is given by Ref. 22
To calculate the effective reflectance R of the structure, the reflectance ¢ R for a single reflection is raised to the power of the number of reflections m within the sensor [16, 17] , that is
where h is the core diameter. The sensitivity of the sensor is defined as [16] 
Numerical Results
In this section, the reflected power of the sensor described in Fig. 1 is calculated as a function of wavelength, incidence angle, metal thickness, and refractive index of the external medium for changing metal layer. This layer is assumed to be gold (Au), silver (Ag) copper (Cu), and aluminium (Al).
For explaining the performances of the computations, sensi− tivity of the sensor is also calculated as a function of refrac− tive index of the external medium for each of the mentioned metals. All calculations are performed using MAPLE software by regular method.
The permittivity and refractive index of any metal in Region 3 can be calculated from the Drude model as [15, 23] e l l l l l l
where l p and l c are the plasma wavelength and the collision wavelength of the metal, respectively. The following para− meters appearing in Refs. 15 The core and cladding in Regions 1 and 2, are assumed to be germanium−doped silica and fluorine−doped silica fib− res, respectively. In this case, the refractive index is a func− tion of wavelength described by Sellmeier equation [15, 23] 
where l is the wavelength and a 1 , a 2 , a 3 Also in the calculations, the following parameters are used, the length of the sensor L = 1 mm, the core diameter h = .6 μm. The permeabilities of all regions in Fig. 1 are equal to that of free space. These materials are not affected by the magnetic field of incident radiations. Figure 2 shows the reflectance as a function of wave− length for the different metals (Au, Ag, Cu, Al) and for q = 88.58°, n 4 = 1.38, d c = .4 μm, d m = 55 nm. The wave− length is changed between .3 μm and .7 μm. We can see that, there is a drop in the reflectance at the wavelengths .66 μm, .57 μm, .53 μm, .405 μm for Au, Ag, Cu, Al, respectively. This drop in reflectance is different for different metals, but it is minimum for Al (R = .622). , the sensitivity for all metals monotonically increases with the wavelength until the value of l which corresponds to the drop in reflectance is reached (at this value the sensi− tivity decreases rapidly). After this value of l the sensitivity increases rapidly to a maximum value again and, then de− creases with the wavelength. For example in the case of sil− ver (Ag), the sensitivity S increases with l up to l = .56 μm, then at l = .57 μm it drops rapidly to a minimum value. At l = .58 μm it increases to a maximum value again and, then decreases with the wavelength.
Opto−Electron. Rev., 22, no. 3, 2014 Figure 7 illustrates the reflectance as a function of wavelengths of the incident radiations when the angle of incidence changes (q = 87°, 87.5°, 88°, 88.5°) for Au film d m = 55 nm and for d c = 1.0 μm, n 4 = 1.38. The reflectance increases with the angle of incidence and its drop is at the same wavelength for all values of the angles of incidence.
Conclusions
In this work, the reflection properties and sensitivity of a D−shape optical fibre sensor are studied in detail with the effect of the metal film (Au, Ag, Cu, and Al). The structure is designed, the main parameters are defined and the required equations are derived to obtain reflectance and sen− sitivity in a closed form. The effect of angle of incidence, wavelength, film thickness, etc. on reflectance and sensitiv− ity are studied numerically. As it can be seen from the numerical results, if the metal changes, the characteristics of the reflectance and sensitivity will be affected by this change. Thus, we can say that the metal kind which changes the behaviour of the reflectance and sensitivity plays an important role in the variation of the wave propagation through the sensor. Numerical examples are already pre− sented to illustrate the paper idea and to prove the validity of the obtained results. Moreover, this work opens a way to think how the availability of the metal kind will change the functionality of the optic−fibre sensor.
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